The transcriptional regulation of keratin (KRT) 13 and its underlying mechanism has not been fully elucidated. Results: Up-regulation of KRT13 by Krüppel-like factor 4 (KLF4) is mediated through GKRE in the KRT13 promoter. Conclusion: KLF4 induces differentiation of ESCC by promoting KRT13 transcription. Significance: KLF4 plays a significant and previously unrecognized role in regulation of KRT13 and cell differentiation.
Squamous cell differentiation requires the coordinated activation and repression of genes specific to the differentiation process; disruption of this program accompanies malignant transformation of epithelium. The exploration of genes that control epidermal proliferation and terminal differentiation is vital to better understand esophageal carcinogenesis. KLF4 is a member of the KLF family of transcription factors and is involved in both cellular proliferation and differentiation. This study using immunohistochemistry analysis of KLF4 in clinical specimens of esophageal squamous cell carcinoma (ESCC) demonstrated that decreased KLF4 was substantially associated with poor differentiation. Moreover, we determined that both KLF4 and KRT13 levels were undoubtedly augmented upon sodium butyrate-induced ESCC differentiation and G 1 phase arrest. Conversely, silencing of KLF4 and KRT13 abrogated the inhibition of G 1 -S transition induced by sodium butyrate. Molecular investigation demonstrated that KLF4 transcriptionally regulated KRT13 and the expression of the two molecules appreciably correlated in ESCC tissues and cell lines. Collectively, these results suggest that KLF4 transcriptionally regulates KRT13 and is invovled in ESCC cell differentiation.
Esophageal cancer is an aggressive disease with a propensity to spread both locoregionally and distally and leads to the sixth leading cause of cancer-related death worldwide (1) . Distinct histological, genetic and epigenetic alterations and sites of origin characterize esophageal cancer subtypes and result in a different prognosis to surgical resection, chemotherapy and radiotherapy. In East Asian countries, ESCC 3 is the most prevalent distribution (2) . Although surgery is considered the best treatment for esophageal cancer in terms of locoregional control and long term survival, recurrence and metastases to the liver have occurred in most cases who undergo complete carcinoma resection, which results in only a 25% 5-year survival rate for patients (3) . The absence of effective targeted therapies and poor response to standard chemotherapy often attribute to a rapidly fatal outcome for this disease. Thus, understanding the molecular mechanisms that drive ESCC and translating this knowledge into new encouraging intervention strategies and treatment options are needed.
KLF4 is an epithelium enriched, zinc finger-containing transcription factor that plays an important role in cell differentiation and proliferation. Mice homozygous for a null mutation in KLF4 die by postnatal day 1 and show selective perturbation of late stage differentiation structures in the epidermis (4) . Squamous epithelium-specific KLF4 knock-out mice manifest an increased basal cell proliferation and a delayed cellular maturation, and this develops into epithelial hypertrophy and subsequent dysplasia, accompanying down-regulation of critical late stage differentiation factors, which show that KLF4 is essential for squamous epithelial differentiation and homeostasis maintenance (5) . KLF4 knock-out mice exhibit a 90% decrease in the number of goblet cells and abnormal expression of the goblet cell-specific marker Muc2, which demonstrates that KLF4 is also required for terminal differentiation of goblet cells in the colon (6) . Moreover, KLF4 promotes the context of enterocyte differentiation by transcriptionally activating the differentiation marker gene intestinal alkaline phosphatase (7) . Ablation of KLF4 leads to increased proliferation and altered differentiation in the gastric epithelium of mice, and the absent expression of KLF4 in human gastric cancer suggests that failure to activate KLF4 during normal cellular differentiation is a common feature of gastric cancers (8) . KLF4 also induces postnatal maturation of corneal epithelium and maintenance of the ocular surface via up-regulating the expression of KRT12 and aquaporin 5 (9) . Analysis of microarray data shows that nine KRT genes are up-regulated by KLF4, seven of which are located in a specific region on chromosome 12 (10) . These results indicate that KLF4 may be involved in inducing epithelial differentiation through the locus control regions.
KRT is a family of intermediate filament proteins expressed by epithelial cells in a cell type-specific and differentiation-dependent manner, which has been classified into two types and encoded by more than 50 genes in separate clusters on chromosomes 12 and 17 (11) . Cumulative evidence showed that the differential expression of individual KRTs in various carcinomas made them useful markers for the histopathological carcinoma subtype and provided relevant information concerning the differentiation state and origin of carcinomas, especially in patients with metastases. The directed transcriptional regulation of distinct KRT genes and the properties of their encoded protein resulted in the specific structural or regulatory functions of KRT filaments to act in a tissue-specific manner (12) . KRT13, one of the type I KRT, is often paired with KRT4, which expresses in suprabasal layers of noncornified and stratified squamous epithelium (13) . Furthermore, during the urothelial differentiation, a switch from a KRT13 (low)/KRT14 (high) to a KRT13 (high)/KRT14 (low) phenotype is observed when a transitional cell morphology was acquired (14) . Alternatively, heterozygous missense mutation of mucosal KRT13 results in white sponge nevus, an autosomal dominant inherited form of mucosal leukokeratosis (15) . In squamous cell carcinomas of the head and neck, KRT13 is much lower in neoplastic tissue compared with the matching normal squamous epithelium, and this suggests that KRT13 may be used as a new biomarker for squamous cell carcinomas of the head and neck and to monitor progression in individual patients (16) . KRT13 is also thought to be an appropriate candidate for characterizing oral cancer, and it has been considered as a marker for detecting the micrometastases in cervical lymph nodes of oral cancer (17) . In tongue squamous cell carcinoma, loss of KRT13 expression presents a high potential recurrence (18) . In addition, cumulative evidence documented that the expression of KRT13 could be regulated by variety of factors. For instance, phosphatidylinositol 3-kinase activation promotes the expression of KRT13 in papilloma cells and induces the normal differentiation of human mucosal keratinocytes (19) . While in breast cancer, ligand-differential recruitment of the estrogen receptor and coactivators elevates the KRT13 level and substantiates that the estrogen-response elements and Sp1 sites are involved in its ligand-dependent regulation (13) . The structure and function of KLF4 are similar to Sp1, so we speculate that it may participate in regulating the expression of KRT13 at a transcriptional level.
Butyrate, a short chain fatty acid derived from dietary fiber, is involved in the regulation of cell growth and differentiation of the colonic epithelia, and it protects against the incidence of colorectal cancer (20) . It has been reported that butyrate increased the expression of KLF4 coincident with differentiation and growth arrest along the goblet and absorptive cell lineages by interacting with the promoter and promoting histone acetylation (21) . Treatment of oral squamous cell carcinoma with SB inhibited growth and elevated differentiation of the tumor accompanied by significant keratinization and increased expression of KRT13 (22) , implicated that SB suppressed cell growth and induced cell differentiation possibly through mechanisms involving KRT13. Moreover, our previous results showed that the expressions of KLF4 and KRT13 are both down-regulated in ESCC compared with their normal counterparts by using a cDNA microarray (23) . In this study, we confirmed that the expression of KLF4 was decreased in the clinical ESCC samples compared with their matched normal esophageal epithelium. Further analysis on the relationship between KLF4 expression and the clinicopathologic parameters of ESCC revealed that the KLF4 level is significantly associated with the differentiation of ESCC. Moreover, we verified the induction of morphologic differentiation of ESCC cells in concomitance with an increased expression of KRT13 upon SB in a KLF4-dependent manner and characterized the transcriptional regulation of KRT13 by KLF4.
Experimental Procedures
Reagents, Cell Culture, Transfection, and RNA Interference-Sodium butyrate was purchased from Sigma. The human ESCC cell lines, KYSE series, were generously provided by Dr. Y. Shimada (Kyoto University, Kyoto, Japan (24)). Cells were cultured in RPMI 1640 medium with 10% fetal bovine serum and antibiotics. Transfections were performed as described previously (25) . Cells were transfected with siRNAs (25 nM) by HiPerFect (Qiagen) following the manufacturers' protocol. The sequences for siRNAs were added in Table 1 .
Plasmid Construction-KLF4 and KRT13 cDNA coding regions were cloned into the mammalian expression vectors pcDNA3.1, pcDEF and pFLAG-CMV-2. The DNA fragments of KRT13 promoter regions were cloned into pGL3-basic vector. The resulting construct was verified by direct sequencing. Primers used are listed in Table 3 .
Tissue Specimens-Tissue microarray from 106 patients with ESCC was obtained at the First Affiliated Hospital of Anhui Medical University (Anhui province, China). Patients received no treatment before surgery and signed informed consent in accordance with the Institutional Review Board of the Chinese Academy of Medical Sciences Cancer Institute and Anhui Medical University standards and guidelines. Representative primary tumor regions and the corresponding histologically normal esophageal mucosa from each patient were snap-frozen in liquid nitrogen and stored at Ϫ80°C (27) . Additional sec- 
tions were collected and embedded in paraffin for histological examination (28, 29) . Immunohistochemistry-The human ESCC tissue microarray was subjected to immunohistochemistry using antibodies against KLF4 (sc-20691; Santa Cruz Biotechnology) and KRT13 (C0791; Sigma), respectively. Briefly, deparaffinized tissue sections were treated by 3% hydrogen peroxide and processed for antigen retrieval (by heating in a microwave oven at 96°C, in 0.01 M citrate buffer, pH 6, for 15 min), and after cooling at room temperature, they were blocked by normal goat serum for 30 min and incubated with anti-KLF4 or anti-KRT13 antibody at 4°C overnight. The reaction products were colorized with PV9003 immunohistochemistry kit (Zhong Shan Goldenbridge, Beijing, China) and 3Ј,3-diaminobenzidine substratechromogen kit (Zhong Shan Goldenbridge), resulting in a brown signal. The evaluation of immunohistochemistry staining was described previously (30) . Briefly, specimens were reviewed with staining intensity and staining extent. Staining intensity was rated as follows: 0, negative; 1, faint; 2, moderate; 3, strong. The expression extent was graded on a scale from 0 to 4 as follows: 0, no positive staining or only a few scattered positive cells; 1, cluster(s) of positively stained cells that accounted for Ͻ25% of the cells within a visual field; 2, cluster(s) of positively stained cells that accounted for 25-50% of the cells within a visual field; 3, cluster(s) of positively stained cells that accounted for 50 -75% of the cells within a visual field; 4, cluster(s) of positively stained cells that accounted for Ͼ75% of the cells within a visual field. The final score was achieved by multiplication of the extent of positivity and intensity.
RNA Isolation and PCR Analysis-RNA purification and RT-PCR were performed as described previously (25) . The primers used are listed in Table 2 .
Electrophoretic Mobility Shift Assays (EMSA)-EMSA was performed as described previously (25) . Biotin-labeled and unlabeled wild-type oligonucleotide probes contained the binding motif of KLF4 (5Ј-ATAGAAAAAAGGAAGGTCGA-GGGCTAC-3Ј) and unlabeled mutant probes contained a substitution of 2 bp (underlined, 5Ј-ATAGAAAAAAGGAAT-TTCGAGGGCTAC-3Ј (designated mutant 1), 5Ј-ATAGAAA-AAAGGCCGGTCGAGGGCTAC-3Ј (designated mutant 2), and 5Ј-ATAGAAAAAAGGAAGGTTTAGGGCTAC-3Ј (designated mutant 3)).
Chromatin Immunoprecipitation Assay (ChIP)-ChIP was performed as described previously (26) . The antibodies used were anti-KLF4 and anti-tubulin (Sigma). Primers used are listed in Table 3 .
Western Blot Analysis-Western blots were performed as described previously (26) . Antibodies used were anti-KLF4 and anti-KRT13.
Luciferase Assay-The luciferase assay was performed as described previously (26) .
Cell Cycle Analysis-The cell cycle analysis was performed as described previously (25) .
MTS Cell Proliferation Assay-MTS cell proliferation assay was performed as described previously (25) . Briefly, cells were seeded in 96-well plates at a density of 1 ϫ 10 3 cells/well and then incubated in the absence or presence of 4 mM SB at 48 h intervals. CellTiter 96 AQ ueous (MTS) One Solution reagent (Promega, WI) was added, and the absorbance was recorded at 490 nm using a BioTek ELx800 absorbance microplate reader.
Statistical Analysis-We statistically evaluated experimental results using a two-paired sample t test, one-way analysis of variance test, and Pearson correlation analysis. All other data were expressed as the means Ϯ S.D. A p value of Ͻ0.05 was considered to be statistically significant.
Results

Down-regulation of KLF4 Is Associated with ESCC
Dedifferentiation-Our previous results of gene expression profiles in ESCC showed that genes associated with squamous cell differentiation, including KLF4 and cytokeratins, were coordinately down-regulated in cancer tissues compared with the matched normal counterparts (23) , which implicated that KLF4 may be involved in regulating the pathogenesis of ESCC.
To determine the alteration of KLF4 expression in ESCC and to analyze the correlation between KLF4 and clinicopathologic features, we conducted immunohistochemistry analysis for the expression of KLF4 in a tissue microarray containing 106 paired esophageal cancer tissues and their normal counterparts, and we assessed the correlation between KLF4 protein level and clinicopathologic parameters in 95 pairs of the samples, which lose 11 adjacent normal tissue specimens. As shown in Fig. 1A , the staining of KLF4 protein was predominantly localized in the nucleus of both normal esophageal epithelia and esophageal cancer tissues. KLF4 only exhibited focal positive staining in certain well differentiated regions and presented negative staining in other less differentiated sections. In contrast, the staining 
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of KLF4 was weak and sporadic or completely undetectable in the moderately or poorly differentiated carcinomas. The immunohistochemistry analysis showed that a significantly reduced expression of KLF4 was observed in ESCC samples versus matched normal epithelial tissues ( Fig. 1A, right panel) . Down-regulation of KLF4 was substantially correlated with ESCC dedifferentiation ( conducted immunohistochemistry analysis for the expression of an epithelial specific differentiation marker, KRT13, in the tissue microarray mentioned above. As shown in Fig. 2A , KRT13 exhibited positive staining in the cornified stratified squamous epithelium and keratinized areas of well differentiated esophageal cancer foci. On the contrary, staining for KRT13 was decreased or undetectable in the suprabasal layers of epithelium and less differentiated carcinoma. The immunohistochemistry analysis showed that a significantly reduced expression of KRT13 was observed in ESCC samples versus matched normal epithelial tissues ( Fig. 2A, right panel) . Downregulation of KRT13 was substantially correlated with ESCC dedifferentiation (Table 5) , and a positive correlation between KLF4 and KRT13 protein expression was observed in ESCC samples ( Table 6 ). To generalize the association of KRT13 with KLF4 in esophageal cancer, we examined KLF4 and KRT13 gene expression data in a large cohort of patients with esophageal cancer and different esophageal cancer cell lines, which are the gene expression profiling of array associated with esophageal cancer available from the public database (GSE23400, GSE33103, GSE9982, and GSE21293). In all data sets, the expression of KRT13 was significantly correlated with that of KLF4 (Fig. 2B ). Furthermore, we verified the correlation between KRT13 and KLF4 among a panel of esophageal cancer cell lines. As shown in Fig. 2C , the mRNA and protein level of KRT13 and KLF4 were concordantly exhibited. To further investigate the effect of KLF4 on the regulation potential of KRT13, we overexpressed KLF4 in KYSE150 cells, which showed nearly undetectable KLF4 expression and silenced KLF4 in KYSE450 and KYSE30 cells with moderate endogenous KLF4 expression. The results showed that overexpression of KLF4 significantly increased the expression of KRT13 (Fig.  2D) . Meanwhile, knockdown of KLF4 in KYSE30 and KYSE450 cells with a pool of four distinct KLF4-specific siRNAs (siKLF4) showed that ablation of KLF4 potently decreased the KRT13 protein level ( Fig. 2E ). Taken together, these data showed that KRT13 expressed in concomitance with KLF4 and may be positively regulated by KLF4.
Up-regulation of KRT13 upon KLF4 Is Mediated through the GKRE in KRT13 Promoter-To explore the potential role of KLF4 on regulation of KRT13 expression, we searched for putative KLF4-responsive element (GKRE) upstream of the KRT13 5Ј-flanking region and identified one potential KLF4-binding site residing at Ϫ411 to Ϫ399 bp upstream of the KRT13 ATG codon. Homology search showed that the predicted GKRE site was highly conserved among different species (Fig. 3A) . To determine whether KRT13 is regulated by KLF4 through direct binding to its promoter, we subcloned the Ϫ1.8 kb area of the 5Ј-flanking region of KRT13 into the pGL3 reporter vector (pGL3-KRT13-P1 for the full-length WT plasmid) and gener- ated several truncated mutants of the promoter-luciferase constructs, including P2 (Ϫ1.1 kb), P3 (Ϫ0.5 kb), P4 (Ϫ0.4 kb), and P5 (Ϫ0.2 kb). These constructs were cotransfected with or without pcDNA3.1-KLF4, and luciferase activity assay showed that KLF4 significantly induced P1, P2, and P3 reporter activity. However, deletion of the Ϫ450 to Ϫ350 bp led to a significant impairment of KLF4-mediated activation of the KRT13 promoter ( Fig. 3B ), suggesting that this segment was required for KLF4-induced KRT13 transcriptional activation. Moreover, transfected HEK293T cells with pcDNA3.1-KLF4 and the Ϫ0.5 kb deletion mutant showed that KLF4 effectively increased the transcriptional activation of KRT13 in a dose-dependent manner, whereas the activated effect was evidently suppressed on the matching construct harboring a mutation in the GKRE, demonstrating that the GKRE element was at least one of the main elements on the KLF4-mediated transcriptional activation ( Fig. 3C ). To further explore whether KLF4 could directly bind the putative GKRE of KRT13, we performed EMSA using biotinylated probes and the pcDNA3.1-KLF4 expression plas-mid. The results showed that KLF4 bound a double strand probe containing the putative GKRE of KRT13 (Fig. 3D, lane 2) , and the excess specific competitor KRT13 GKRE (with the putative GKRE) effectively attenuated formation of the probe-KLF4 complex in a dose-dependent manner (Fig. 3D, lanes 3  and 4) . Mutant competitors M1 and M2 (with the mutant GKRE) abolished the inhibition of biotinylated probe binding to KLF4 (Fig. 3D, lanes 5 and 6) , whereas competitor M3, which contained a mutation near the GKRE, suppressed the biotinylated probe binding to KLF4 (Fig. 3D, lane 7) . Although the application of anti-KLF4 antibody to the probe/protein mixture, further shifted binding was not observed, the probe-KLF4 complex was predominantly mitigated (Fig. 3D, lane 10) . These data substantiated that the putative GKRE of KRT13 represented a bona fide site for KLF4 binding. ChIP analysis revealed that KLF4 specifically associated with the promoter region containing the conserved GKRE but not the control distal region of the KRT13 promoter in KYSE150 cells. Conversely, tubulin did not precipitate detectable DNA (Fig. 3E) , thus providing addi- tional evidence to support the active role of KLF4 in KRT13 gene transcription in vivo. To further confirm the putative GKRE involved in transcriptional activation of KRT13, we constructed the GKRE mutant promoter-luciferase plasmid. As expected, mutation of GKRE completely abolished KLF4-mediated activation of the KRT13 promoter luciferase activity (Fig.  3F) . Taken together, these findings demonstrated unequivocally that KLF4 transactivated KRT13 by binding the putative GKRE. KLF4 and KRT13 Are Induced during Esophageal Cancer Cell Differentiation-SB was an inhibitor of histone deacetylases and an inducer of differentiation. It has been demonstrated that SB inhibited cell growth and induced accumulation of the G 1 phase (31) . Previous study also showed that SB directly transactivated KLF4 expression in an Sp1-dependent manner in colon cancer cells and promoted the differentiation of oral squamous cancer cells concomitant with increased expression of KRT13 (21, 22) . Therefore, we speculated that SB may induce cell differentiation and growth inhibition by increasing the expression of KLF4 and KRT13, both of which are substantially associated with the development of ESCC as our results had shown. To clarify the alteration of KLF4 and KRT13 levels during ESCC differentiation, we first analyzed the expression of KLF4 and KRT13 in KYSE150 cells treated with SB. Western blot results clearly showed that SB induced the expression of KLF4 and KRT13 (Fig. 4A) . We subsequently examined the expression of KLF4 and KRT13 by different dosages of SB from 0.5 to 5 mM, and a dose-dependent stimulation of KLF4 and KRT13 was observed (Fig. 4B ). Calcium is another commonly used differentiation inducer, and our previous study showed that calcium induced the expression of a series of differentiation-associated genes in esophageal cancer cells, inhibited cell growth, and induced G 1 /S phase arrest and cell apoptosis. Moreover, calcium treatment induced an apparent cell-stratified and dramatic change in cell-cell contact (28) , the effect of which coincides with SB. To further confirm the increased expression of KLF4 and KRT13 during the differentiation induction, we treated esophageal cancer cell lines KYSE150 and KYSE450 with 2.4 mM calcium that had been corroborated effectively by our previous results. Western blot analysis revealed that 2.4 mM CaCl 2 apparently elevated KLF4 and KRT13 protein levels in KYSE150 and KYSE450 cells (Fig. 4C) . Therefore, we selected KYSE150 and KYSE450 cells to perform phenotypic characterization in the following experiments.
KRT13 Promotes the Cell Cycle Arrest and Growth Inhibition of Esophageal Cancer Cells Induced by SB-To investigate the contribution of KRT13 on SB-mediated esophageal cancer cell differentiation, we used KYSE150 cells that exhibited low expression of KRT13 and could be dramatically induced by SB. Western blot analysis showed that KRT13 was effectively overexpressed and further induced by SB (Fig. 5A, upper panel) . Quantification of the DNA content by flow cytometry (FACS) after propidium iodide staining confirmed that overexpression of KRT13 accumulated esophageal cancer cells at the G 1 phase, which indicated that KRT13 participated in the G 1 /S transition. Similarly, treatment with SB also impeded the cell cycle progression by arresting cells in G 1 phase. Concurrent treatment with SB in KRT13 overexpressed KYS150 cells resulted in a significant decline in the G 2 /M phase and a strong G 1 /S arrest in ESCC, relative to either treatment alone (Fig. 5A, lower  panel) , suggesting that KRT13 facilitated SB-mediated cell cycle arrest in esophageal cancer cells. Furthermore, we tested the effect of KRT13 overexpression on cell growth in the absence or presence of SB by a direct viable cell count assay. The results showed that overexpression of KRT13 decreased proliferation with or without SB treatment after 48 h, and the difference was still statistically significant after 4 days (Fig. 5B) . These data indicated that overexpression of KRT13 conferred cell growth inhibition induced by SB. To further test this, knockdown of KRT13 in KYSE450 cells with a pool of four distinct KRT13-specific siRNAs (siKRT 13) potently decreased the proportion of G 1 phase cells induced by SB (Fig. 5C) . These results indicate a suppressive role of KRT13 in esophageal cancer cell growth and cell cycle progression.
SB Regulates Cell Cycle through KLF4 and KRT13-Because KLF4 was a putative target activated by SB, we assessed whether the targeting was involved in SB-induced cell cycle arrest. Western blot analysis showed that KLF4 expression was rigorously mitigated in KLF4 siRNA-transfected cells (Fig. 6A ). Cell cycle analysis showed that individual silencing of KLF4 in the basal condition marginally promoted the G 2 /M phase transition. However, when cells were treated with SB, the percentage of cells in the G 1 phase were substantially reduced in KLF4silenced cells compared with the control cells (Fig. 6B) . The result implicated that KLF4 activity was required for SB-induced transition from G 1 to S phase. To examine whether KRT13 was involved in KLF4-mediated cell cycle arrest induced by SB, we cotransfected KYSE450 cells with KRT13 expression vector and KLF4-specific siRNAs, and the results of flow cytometry indicated that re-expression of KRT13 marginally restored the G 1 /S arrest induced by SB when endogenous KLF4 was knocked down (data not shown). We then examined the function of KLF4 mediated by KRT13 through proliferation. Results showed that deletion of KLF4 repressed the proliferation inhibition induced by SB, whereas ectopic expression of KRT13 partially reversed the promotional effect on cell proliferation (Fig. 6D) , which indicated that SB-induced cell differentiation was dependent on KLF4, and KRT13 was one of its downstream effectors. The expressions of KLF4 and KRT13 were confirmed by Western blotting (Fig. 6C ). Taken together, our results showed the important role of the KLF4-KRT13 signaling pathway in mediating the effect of SB on esophageal cancer cell differentiation.
Discussion
Our findings revealed that KLF4 and KRT13 expressions were significantly correlated with differentiation of ESCC. KLF4 up-regulated the expression of KRT13 by binding directly to the putative GKRE motif within the KRT13 promoter. Enhancement of KLF4 and KRT13 could be evoked by SB, and it facilitated SB-induced G 1 /S phase arrest and growth inhibition of esophageal cancer cells.
Epithelial differentiation is a complex process and requires the coordinated stepwise change in expression of multiple genes. Disruption of normal differentiation is an important characteristic of tumorigenesis. The progression of esophageal cancer is associated with loss of gene function governing differ-entiation. Disturbance of transcription factors, especially those that confer the differentiation of stem cells in the normal esophageal epithelium, can block normal differentiation of squamous epithelial cells and lead to cancer. A better understanding of the underlying molecular events regulating differentiation would offer possible targets for tumor therapeutic intervention or potential biomarkers. KLF4 is such a transcription factor participating in regulating stem cell transformation, cell cycle and differentiation (32) . Cumulative evidence illustrated that hemizygous deletion, hypermethylated 5Ј-untranslated region and point mutation in the open reading frame are attributed with the loss of function of KLF4 in colorectal cancer (33) . Here, our immunohistochemistry analysis using clinical ESCC samples revealed that the expression of KLF4 predominantly decreased in ESCC tissues compared with their normal counterparts and was remarkably correlated with the differentiation of ESCC ( Fig. 1A and Table 4 ). KLF4 epithelial cells in transgenic mice manifested an increased expression of KLF4 in maturing PCNA-negative cells (34) , which provide additional evidence for the role of KLF4 in squamous cell differentiation. Molecular investigation further supported the morphologic findings as KLF4 regulated the expression level of epithelial differentiation markers such as KRT4 and KRT13 (Fig. 1B) . In the epidermis, KLF4 had been reported to be activated by protein kinase C␦ and to drive the expression of involucrin, another major components of cornified envelope and appropriate markers for terminal differentiation (35) . However, in our study, we did not observe any altered expression of involucrin by KLF4. We speculated that the context-specific function of KLF4 and the drastic alterations in gene expression programming accompanied by the dynamic transition between normal epithelium and cancer were considerable possibilities.
Recent studies have revealed that a number of transcription factors are involved in regulating transcription of differentiation-specific genes. For example, STAT3 activated transcription of the KRT13 promoter (36) . Sp1 and AP2 were important for regulating the expression of KRT during epithelial cell differentiation (37, 38) . KLF5 played an essential role in the differentiation and homeostasis of epithelial cells, smooth muscle cells and adipocytes by regulating the expression of KRT5, SM22␣, peroxisome proliferator-activated receptor ␥ and others (39, 40) . Our previous results showed that KLF4 could bind directly to the promoter of S100A14 and activate its transcription, which modulated the terminal differentiation in esophageal cancer (26, 28) . cDNA microarray analysis also revealed a group of KRT genes, especially those located in a specific region on chromosome 12 could be induced by KLF4 (10) . Here, we further delineated that transfection of KLF4 into KYSE150 cells increased the expression of KRT13 (Fig. 2D) , although knockdown of KLF4 in KYSE30 and KYSE450 cells inhibited its expression ( Fig. 2E ). KRT13 together with KRT4 composed a KRT network in the suprabasal cells of stratified squamous epithelia and the reduction of KRT13 often resulted in an abnormal differentiation (13) . In this study, we corroborated that the expression of KRT13 was pervasive in accordance with KLF4 both in esophageal cancer cell lines and the patient tissue samples (Table 6 and Fig. 2C ). These results were also supported by gene expression profiling data from published studies (Fig. 2B) . The effect of KLF4-mediated promotion of KRT13 expression could be direct or indirect or both. Our studies identified that the potential KLF4-binding sites were located on Ϫ411 to Ϫ399 bp of the KRT13 promoter region, and these sequences conferred KLF4 binding directly with the KRT13 promoter (Fig. 3,  D and E) . In addition, deletion or mutation of the GKRE within KRT13 promoter abolished the interaction between the KRT13 promoter and KLF4 (Fig. 3D) . Furthermore, luciferase assay demonstrated substantially that KLF4 transactivated KRT13 by binding the putative GKRE (Fig. 3, B and C) , and impairment of the interaction between KLF4 and KRT13 promoter by the GKRE mutant blunted the transcriptional capacity of KRT13 induced by KLF4 (Fig. 3F) . In summary, these data evidently elucidated that KLF4-mediated transactivation of KRT13 at least partially accounted for the relevant expression of KRT13 in ESCC. To clarify the biological significance of KLF4-mediated transcriptional regulation of KRT13, we used SB, a putative agonist of both KLF4 and KRT13, to incubate with esophageal cancer cells. SB is a short chain fatty acid released from dietary carbohydrates by symbiotic bacteria in gastrointestinal tracts. It has been reported that SB leads to alteration of chromosomal structure and gene expression by suppressing histone deacetylation (41) , and it was known to induce differentiation and apoptosis and to inhibit proliferation in many cancer cell lines (42, 43) . The chemopreventive benefits of SB remain debatable because apparent inconsistencies have been documented (44) . The discrepant effects of SB depend in part on amount, time of exposure with respect to the tumorigenic process, and the type of fat in the diet (20) . In this context, we showed that SB substantially invigorated KLF4 and KRT13 protein expression in a time-dependent ( Fig. 4A ) and dose-dependent ( Fig. 4B) manner. The protein level of KLF4 and KRT13 could also be up-regulated by calcium treatment (Fig. 4C) , another differentiation inducer. Alteration of KRT protein expression and cross-linked envelopes generally reflected the extrinsic growth regulation in primary esophageal carcinomas (45) . Here, we illustrated that overexpression of KRT13 promoted SB-mediated cell cycle arrest and growth inhibition in KYSE150 cells (Fig. 5, A and B) , whereas the depletion of KRT13 impaired the inhibition of G 1 /S transition induced by SB in the KYSE450 cells ( Fig. 5C ). Deletion of KLF4 almost completely antagonized the accumulation of G 1 phase and proliferation inhibition induced by SB (Fig. 6, B and D) , and reconstituting KRT13 evidently restored the cell proliferation inhibition mediated by SB while knocking down endogenous KLF4 (Fig. 6D ), but it had moderate effects on cell cycle arrest (data not shown). It could not exclude that other functional downstream targets of KLF4 participated in its mediated cell cycle arrest, such as p21 and cyclin D1, which antagonized its function. However, we observed that ectopic expression of KRT13 at least partially restored the proliferation inhibition (Fig. 6D ) induced by SB when endogenous KLF4 was knocked down, suggesting that KLF4 and KRT13 were involved in SB-mediated cell differentiation. We speculated that the effect of KRT13 overexpression was negligible on KYSE450 cell proliferation because the endogenous KRT13 was saturated.
These results indicated that KLF4 and KRT13 were required for the cell cycle arrest and growth inhibition in response of the esophageal cancer cells to SB. Therefore, SB-induced differentiation was conferred at least partially by the KLF4-KRT13 signaling pathway. KLF4 was well documented to function as a molecular switch that converts the cellular program from stem maintenance to differentiation in many cell types (6, 46, 47) . In this regard, it was conceivable that KLF4 acted as a program activator during esophageal cancer cell differentiation.
In summary, our results characterized a pivotal association between KLF4-KRT13 and the differentiation of ESCC and pro-vided insight into the mechanisms responsible for KRT13 regulated by KLF4. We also demonstrated the importance of the KLF4-KRT13 signaling pathway in SB-mediated differentiation of esophageal cancer cells. Our findings therefore opened a unique avenue for identification of novel biomarkers to predict malignant progression of ESCC via specific evaluation of KLF4 and KRT13 expression alterations. 
